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Abstract The fibroblast or heparin-binding growth 
factors (HBOFs) are thought to be modulators of cell 
growth and migration, angiogenesis, wound repair, 
neurit* extension, and mesoderm induction. A better 
understanding of die structural basis for the different 
activities of these proteins should facilitate the devel- 
opment of agonists ami antagonists of specific HBOF 
activities and identification of the signal transduction 
pathways involved in the mechanisms of action of 
these growth factors. Chemical modification studies of 
Harper and Lobb (Harper, J. W., and It R. Lobb, 
I98& Biochemistry. 27:671-678) implicated lysine 132 
in HBOP-1 (acidic fibroblast growth factor) as being 
important to the heparin-bind^ng, receptor-binding, 
and mitogenic activities of the protein. We changed 
lysine 132 to a glutamic add residue by site-directed 
mutagenesis of the human cONA and expressed the 
mutant protein in Escherichia coii to obtain sufficient 
quantities for functional studies. Replacement of this 
lysine with glutamic acid reduces the apparent affinity 



of HBGF-l for immobilized heparin (elutes at 0l45 M 
NaCl vs. 1.1 M NaCl for wild-type). Mitogenic assays 
established two points: (a) human recombinant HBGF-l 
is highly dependent on the presence of heparin for op- 
timal mitogenic activity, and (b) die change of lysine 
K32 to glutamic acid drastically reduces die specific 
mitogenic activity of HBGF-l. The poor mftogenic ac- 
tivity of the mutant protein does not appear to be due 
to a reduced affinity for the HBGF receptor. Similarly, 
the mutant HBGF-l can stimulate tyrosine kinase ac- 
tivity and induce protooncogene expression. Differ- 
ences in the biological properties of the wild-type and 
mutant proteins were observed in transfectioo studies. 
Mutant HBGF-l expression in transacted NIH 3T3 
cells did not induce the same transformed phenotype 
characteristic of cells expressing wild-type HBGF-l. 
Together these data indicate that different functional 
properties of HBGF-l may be dissociated at the struc- 
tural level. 



The heparin-binding growth factor (HBGF) 1 family 
presently consists of seven structurally related pnry- 
pepddes (3). The cDNAs for each have been cloned 
and sequenced. Two or the proteins* HBGF-l and HBGF-2, 
have been characterized under many efferent names, but 
most often as acidic and basic fibroblast grown factor, 
respectively. Three sequence- related oncogenes have been 
identified; the hst oncogene was discovered based on its abil- 
ity to transform NIH 3T3 cells (9, 25, 38, 43); the int-2 on- 
cogene was first identified as a gene activated by mouse 
mammary tumor virus (7, 1Q 11) and the FGF-5 oncogene 
was identified using NIH 3T3 transformation assays (4^ 47). 
Recently a gene termed FGF6 was identified by screening 
a mouse cosmid library with a human hst probe under re- 

I. Abbreviation used in this paper HBOF, heparin-binding growth actor. 



duced stringency and was shown to be capable of transform- 
ing NIH JT3 cells (32). Finally, an epithelial cell-specific 
growth factor termed KGF or FGF-7 has been identified and 
its cDNA cloned and sequenced 03). 

Functions associated with HBGF-l and HBGF-2 include 
stimulation of autogenesis, cbemotaxis, mesoderm induc- 
tion, neuriie extension, and plasminogen activator activity. 
These HBGFs also induce angiogenesis in vivo and acceler- 
ate wound repair (for reviews see references 3, 18, 27, 36). 
The mechanisms by which HBGFs pron*Me these functions 
are poorly understood but may include activation of protein 
tyrosine kinase activity (8. 15. 20), phosphorylation of phos- 
pholipase C-y (6), and activation of immediate-early gene 
transcription (17). In addition, both HBGF-l and HBGF-2 
have been shown to be relatively resistant to degradation af- 
ter internalization by receptor-mediated endocytosis (14, 24, 
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Abstract The fibroblast or heparin-binding growth 
factors (HBGFs) are thought to be modulators of cell 
growth and migration* angiogenesis, wound repair, 
neunte extension, and mesoderm induction. A better 
understanding of the structural basis for the different 
activities of these proteins should facilitate the devel- 
opment of agonists and antagonists of specific HBOF 
activities and identification of the signal transduction 
pathways involved in the mechanisms of action of 
these growth factors. Chemical modification studies of 
Harper and Lobb (Harper* J. W M and R. R. Lobb. 
198& biochemistry. 27:671-478) implicated lysine 132 
in HBOF-1 (acidic fibroblast growth factor) as being 
important to the heparin-bnding, receptoi^inding, 
and mitogenic activities of the protein. We changed 
lysine 132 to a glutamic add residue by site-directed 
mutagenesis of the human cONA and expressed the 
mutant protein in Escherichia coii to obtain sufficient 
quantities for functional studies. Replacement of this 
lysine with glutamic acid reduces the apparent affinity 



of HBGF4 for immobilized heparin (clutes at (145 M 
NaCl vs. 1.1 M NaCl for wild-type). Mitogenic assays 
established tun points: (a) human recombinant HBOF-1 
is highly dependent on the presence of heparin for op- 
timal mitogenic activity, and (b) the change of lysine 
132 to glutamic acid drastically reduces the specific 
mitogenic activity of HBOF-1. The poor mitcgenic ac- 
tivity of the mutant protein does not appear to be due 
to a reduced affinity for the HBGP receptor Similarly, 
the mutant HBGF4 can stimulate tyrosine kinase ac- 
tivity and induce protooncogene expression. Differ- 
ences in the biological properties of the wild-type and 
mutant proteins we observed in transaction studies. 
Mutant HBGF4 expression in transacted NM 313 
cells did not induce the same transformed phenotype 
characteristic of cells expressing wild-type HBOF-1. 
Ibgether these dau indicate that different functional 
properties of HBCF-1 may be dissociated at the struc- 
tural level. 



The heparin-binding growth factor (HBGF) 1 family 
presently consists of seven structurally related poly- 
peptides (3). The cDNAs for each have been cloned 
and sequenced. Two of the proteins, HBOF-1 and HBGF-2, 
have been characterized under many different names, but 
most often as acidic and basic fibroblast growth factor, 
respectively. Three sequence-related oncogenes have been 
identified; the hst oncogene was discovered based on its abil- 
ity to transform NDi 3T3 cells (9, 25, 38, 45); die int-2 on- 
cogene was first identified as a gene activated by mouse 
mammary tumor virus (7, 1Q> II) and the FGF-5 oncogene 
was identified using NIH 3T3 transformation assays (44 47). 
Recently a gene termed FOP-6 was identified by screening 
a mouse cosmid library with a human hst probe under re- 

I. Abbreviation used in this paper HBOF, heparin-binding growth ftjetor. 



duced stringency and was shown to be capable of transform- 
ing NIH 3T3 cells (32). Finally, an epithelial cell-specific 
growth factor termed KGF or FGF-7 has been identified and 
its cDNA cloned and sequenced 03). 

Functions associated with HBGF-1 and HBGF-2 include 
stimulation of mitogenesis, chemotaxis, mesoderm induc- 
tion, neurit* extension, and plasminogen activator activity. 
These HBGFs also induce angiogenesis in vivo and acceler- 
ate wound repair (for reviews see references 3, 18, 27, 36). 
The mechanisms by which HBGFs prone* these functions 
are poorly understood but may include activation of protein 
tyrosine kinase activity (8, 15. 20), phosphorylation of phos- 
pholipase C-y (6), and activation of immediate-early gene 
transcription (17). In addition, both HBGF-1 and HBGF-2 
have been shown to be relatively resistant to degradation af- 
ter internalization by receptor-mediated endocytosis (14, 24, 
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34) MsOL growth fecww pereteto in&ooellQl&riy to several 
hours asjI Issga fi^csffio (i3iJ»0e&fl UUttOiV, MBQM; 
\6fiOO M, 6? HBOP-2) arc daectabte ^ as many as 24 b, 
Further, nuclear o? nucleolar Iccalizfltion of HSGF-2 has 
been observed (2 f 35). 
Ktecgte to fctodficasica of oblational nviabrrs of the 

♦ - 'o lbs growth factors, waS despite to fflwaflabiiity ef lai^ 
qu&stitiea of raccaabinansi protein and ucoesssiS Imce/ledge 
off to broad opecteum of activities of gwMtol biological 
aigpiflcaaoe tot can tea ctaribufcad to to MOTa, relatively 

served aUTMciuirea to aiay of toir tamo toctions. laird et 
d. 0) reported to syntocia erf 23 pegflfcfisa, wnica tcgeitoer 
ecocaagwa and ctfartsp toeatirec©queai»cflHIM3IP-2asde- 
Gcrifesd Uea© ea ol. (42). TTBasy repotrted to identifica- 
tion cf (wo ftjstcdicaMJ domains in to pramazy strocsars of 
ME&OF-2 toed on to rJMlities of sysstotic to inter- 

t£& sri&i IHDSOF receptor, toiad radiotafceisd H&sgrsHrin in a solid 
pSuse csaiy, end toMritMBSOF^ 

corporation into DMA. Using to numbering system of to 
autfcora (which does not correspond to flWi leaagia HBQF-2) 
statistically significant tactions! activities could be fflraigneri 
to peptides corresponding to residues 24-68 end 105-115 of 
HBGM. Simikrty, Sdrufcert et a). (39) demonstrated tot 
peptides oorasposding to tresiteo 1-24 , 24-68, cad 93 -1 20 
of TOOF-2 euro cfole to gftfrrniiima smbstaium adhesion of 
KH2 ceQs. We haras shown tot fit syntotic peptide comre- 
cpoffldkg to oesidocss 49-72 of MSOiM (tsskg ntnnteing 
of 1-154 for Ml Ksngtii TOOF-S) is ahte to oosnpese with 
NDOIM fiw heparin bin^^ 

region is homologous to one of to regions of HBiGF-2 (res- 
idues 24-68) described above as possessing teeparin^fodmg 
activity. 

Ub dale, to most complete end infomative studies docu- 
menting to efSects of c to iic ^ modification of any HEGQF 
on function ere those of Haiocr and Lobb (&9). Briefly, they 
wsre able to snow tot Kknitod reductive me*%ktion of bo- 
vine 1HII&G1M with forsnaldenyde and cyanoltonohydhrtde re- 
sulted in stoichiometric methylotion only of lysine 132 (us- 
ing 1-154 numbering for ftall lengtn KDSOIP-1). repoirted 
90% modification of this restate®, with $0$ damethylysine. 
The modified protean cchMed signiicantiy reduced appar- 
est affinity for itmnutbilised heparin (eltaaod at MH7 M WaCfi 
vs. M.2 M Nad far unmcdiJSejfl lUOP-O, a foufffotofi reduc- 
tion in its ability to stimulate DN A syo^nesis in NBH 373 
fibroblasts and a similar reduction in ios ability to compete 
with labeled ligand in a radioreceptor asssy. A fiysine residue 
is found at this position of MBOIW and MBOIP-2 of all spe- 
cies characterized to date. Together these data implicate a 
crucial role for lysine 132 in several of to known functions 

of otot-i. 

In this report we address the role of lysine 132 in HBGF-I 
function using site-directed mutagenesis of this position to 
a glutamic acid. TOs approach offifers several advantages 
over chemical modification studies including (a) the ability 
to produce large quantities of the desired product, (b) elimi- 
nation of significant (although sub-stoichiometric) modifica- 
tion of other lysines, and (c) allowing the introduction of 
modified into mammalian cells through transaction 

ofcDNA expression vectors designed to produce the desired 
mutant. Despite these advantages to importance of chemi- 



cal modification studies such as those of IKIajpstr and Lobb 
(1 9) should not be underestimated for they are extremely use- 
ful in the design of a rational approach to site-directed muta- 
genesis. The results described here demonstrate tot replace- 
ment of lysine 132 of HBOF4 with glutamic acid reduces 
significantly its apparent affinity for immobilized heparin 
and its mitogenic capacity. However, to apparent affinity of 
tfce mutani for high affinity cell saairfkce nace^irs£$p£&re ui> 
altered. When assayed in to presence of heparin where to 
difference in wild-type and mutant TOOP4 mitogenic activ- 
ity is most apparent, mutant can stimulate tyrosine 
kinase activity and induce pmotooncogene expression. IPunc- 
tional differences between the wild-type and muftant IHIBQF-1 
are also apparent after (trans&ction of cDN A expression vec- 
tors into NHHI 3T3 fibroblasts. 

Keparin-Sspimnne, protrin A-Srpharosc, pXK233 expression Tecton, ami 
low molocul&f xycighi m&ftefB were purchssod from FbsfiDDcio Hoc Cbc oi- 
tcds (HnalSMK NJ). AU raoaentt fat amSttoWUghiySnmnApparD- 
tus wsxe from Hosfer Scientific Instnunentt (Sao Prandcco, CA). Reogais 
fiir menfllffaBse HPLC» omtco ccid ciHJysis, asd ouiiiu> ficid oej^itaLdng 
were puidagcd from Applied Biosyaesna, Ibc (Foster Cny, CA). [mopes 
acd the ia vitro nraxegscesis syttcxn vrsrs ftcn AmenrikoD Carpi (Arfinjtoa 
Kdghta, IL). The rtb$>is palydoaml HBGF-l-«peciac GdilHKry njj prorated 
tgr R. Friessl (AiBsricoa Red Cross, R0€&vUte» MD) and tfca rcbKa poly- 
doaal caQi-ptop?ririrjDe2 C-y ^ff^^f?? were gnwbtod tqr A. ZHbsrateis 
(^jrer B j ete d n nin j ^ fee, Kfaq of Pnus&io» R^). Tisosts coI&biq ntBSflb osd 
pbaticocre tsoe parchotcd ton Otboo LoeoTDtories (Qroad te p cdi NY), 
High ODOlecaior wdgta notecolor omrbsrs w?ro ftoan Bfc»*Rcd Ldbonoorlea 
(BJchzBOOd, CA). i Be dgpn aeto e ASP-N cod the rosdom primer DMA 
ttfceBag tdt Den Dram Rnrii ringsr Mf nnhfjm Biocherniccls (utdiooopolis, 
IN). Cte dtrmfcnb were return grode. 

■ ComQmctisM ofjpfflEC <wipJl32B Piroksvyotk 
Exjp&esslbm PfaswMs 

The ptosndd eapre uin g wild-type HB08M (oorretpocdinB to the or-fonp erf 
ecdodtsUfi) oeD gnwtb fcctor 0), pR£C wza Idodry pjwidsi t^f R. Rnoosh 
( Antcric&n Red Cross). This plaa nri d wos oo&stiuctBd by ctoning syn ttie ttc 
oUgpouctokte cesseaes into the Nco 17 Wind QI the of pKK233-2. The 
ptaonid ecpresiing mutant HBOm (Btutsmk odd isstecd of lynce at 
amino odd position 132; p!32E) wos constructed os follows. The Boo 
Rl/Hicd m fropneoi of HBGF-1 cDNA close 1 (21) was sofedooed into 
MUd^BL Siqsle^tnxdedtetnpfiate 

tide-directed in vitro Qntogssesis. Dooble-otnutded DNA xtoa tr&c^snced 
into £. coli TO-X cells and tis resultant ptocpses were screened by Ml 3 
dkleoxy sequencing The mutntad HBOF-l cDNA wes tnmsferred wto the 
expression vector pKK223-3 using the original Eco Rl and Hied ffl sites. 

Pmdkction md JF^HSk^on qf Recombinant PmMms 

Reoornbirunt ptasmids pREC or p!32B were introduced into the Jod Q ~ 
bearing Escherichia coli strain JM103. Cultures of JM103 bearina the 
recoaibioani pbanicb were grown with sh&Jiing at 37"C in Lurin brod) con- 
taining 100 fig/mi amprciilin- A fresh overnight culture was diluted and 
grown until the Aj» retched ~02, at which point isopropylifcio-0- 
galsctoside was edded to X mM. Cells were collected by centrirugttton end 
frozrn at -80*C for subsequent growth fcctor purification. 

The frozen cell pellets from 2-liter cultures were resuspended in 50 ad 
of 10 mM Tris-HCl. pH 7.5, 5 mM EDTA, 50 mJVS glucose. A fresh solution 
of hen egg tysozyme in the seme buffer was added to 10 pgtal. The cells 
were mixed at 4°C for 45 min. The viscous kysate was sonicated ct moiuV 
mum intensity using a large probe and four 20-s pulses of o Heal Systems 
W-3BU sonicator. The iysate was clarified by ccntrirug&tion al 6fW) g for 
IS min et 4°C The supernatant was diluted to 100 ml with 50 mM Tris- 
HCl, pH 7.5, 10 mM EOTA and incubated with 20 ml of trydrated heparin- 
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Scpharose at 4*C wtib cncVcwer-end mixing for 2 b, Tbe rcsto was etaed 
betcfawisc using • Buttered gins found tad succeasrre washes of to same 
buffer communing a Oil, 05, 065, end 1.5 M NsCl. 

The wihKype recombinant HBOF-I duted with the L5 M NsCl wash. 
The mutant was etaed with the 05 M NaO wash. Although the wild-type 

mmm Srow^StS^iSw^^'S Mlwi^Brt 
preparations were purified to >*S% parity using ieverwa»^ba»HPLC(4). 
The rererscd-ptoaao purified material waa used for ill repo rt e d s tu di es . 

Characterization cf Recombinant Proteins 

AO preparations of purified teenmbinant human wild-type and mutanl 
HB0P4 were analyzed by SOS-MOB, amino add analysis, anuno terminal 

ynyif wfflttjj pcjJtf? £ nupyrfngg flOll Mjjfap Kstd f^^^^f^^fl of the pCftUo CO" 
COCBp(i0IQ£ tfao OQOU&SttGflJ PCSie4tl0* a^TOCCifl OQOOCCtrftllOItt wJcttSrtfliflCsJ 

by amino acid analysis. Aliquot* of wild-typeant omt^HBGW weresub- 
Jeetod to etectfophoittti using the SDS-MGB lystczs of Laemmli (20). A 
15% aaytanlde, 04% ^^nnetlyknre Ua cf ytam kte totmJoo was poly- 
merised to a Hoofer mini-gd apparatus and electrophoresis was cairied out 
at a constant 200 V. Protein was vtsunlired by staining the gel with 01% 
Coomassie blue R-250 to 50% methanol. 10% glacial acetic add. and do- 
staming with 9% gtadaJ acetic add, 5% methanol. Ssnx^ for smino acid 
inalytis were bydrolyzcd with argo&punad. constant boiling 6 N HQ at 
II5°C for 18 h using • Pico-lag workstation (Vftten Associates, Milford, 
MA). Amino acids were derivattood with pb*iyH«ibfriry»ii«fft uxj sepa- 
rated with a PTC analyzer (model 130A; Applied Biosystems, toe). A 
waters 840 system was used for data collection and reduction Amino add 
sequences were established using a protein sequencer (model 477A; Ap- 
plied Biosyste ms^ Inc.) using saodlfied Edroan cfaeroiso^p aod so on-line 
model 12uA PTH analyzer, ftptldo mspping of recombinant protein after 
^lflT* t ^ nfl with q"fapw*ef«aBC AsjvN at a 1:25 ratio of enzyme to protein 
in 50 mM NasHFOt, pfl 80, 37°C for 18 h was p crfann ed using a nucro- 
bore HPLC system (model 13QA; Applied Biosystems. Inc.). the appropri- 
ate peptides acre s ubjected to amino add s e que nce analysis to estahBs h the 
Oddity of expresiion of the wfrMypc and mntam HBOW vectors. 

Stability Studies 

MctsboBeally tsbeted reeooabmant proteins were prepared by growing bac- 
teria) cultures as described above until the Asm -reached MX4, at which 
point the cells were coU o cted by cectrifagslloft. They were resuspcodod in 
9&5% M9 minimal modhim/1.5% Luria broth and pHPeudne 040 
Ci/tnmol) was sdded to 45 pCi/ml. Cells were grown with st-wJng for 30 
min. «nd then for an tftriftimal 4 b in the presence of 1 mM isr ^apyIlhkH3- 
gsJactoskte. Cells were collected and growth fectors pu ri fied «d described 
above. The purified, labeled growth factors were Inrnhatrri for 48 b at 37»C 
in the presence of media (DMBM containing 10% calf serum) that had been 
conditioned for 48 b by NIH 3T3 celli. The growth feaor-conliiaing media 
was analyzed by SDS-BVGE and autoradiography. 

Mitogenic Assays 

The mitogenic activities of wild-type and mutant recombmant HBGF-I 
were determined by measuring their ability to stimulate DNA synthesis in 

NIH JI3 CCflS and "Tf"** *^ pgnKferatrnw t}f Human nmhtliral win *tw 

dothctial cells. DNA synthesis was determined by measuring the amount 
of | 3 H]thymidine incorporated into cells. Briefly; NIH 3T3 cells were 
seeded Into 48-wcfl plates and grown to near confluence to DMB containing 
10% calf tcnun. The cdls were tenon starred (DME, 05% calf serum) 
for 24 b. Mitogens were added to the wells and incubated for 18 b. The 
cells were pulsed with 05 pCi/ml of ['H] thymidine (25 Ci/mraof) for 4 h. 
The cells were rinsed with PBS. fixed with 10% TCA. rinsed with PBS. and 
then solubilized with 05 N NaOH. Incorporation of ('HJihymMiDe into 
acid-insoluble material was determined by scinttllation couraing. All assays 
were perfumed in triplicate. 

Human umbilical vein endothelial cells woe provided by T. Madag 
(American Red Cross. Rockville, MD}. They were maintained on fibro- 
aectio-coatcd plates (2 pg/cm 2 ) In medium 199 s up p lement ed with 10% 
(vol/vol) heat-inactivated FBS, lx aimnkm^antiinycotic, 10 U/ml heparin, 
and 10 ng/ta) human recombinant HBOP-I. Bar growth assays, cdh were 
seeded in 24-wcll plates at 2JD00 cells/wcil in rnodram 199 supplemented 
as above with the exception cf HBOP-I The Indicated amounts of wild-type 
or mutant HBGP-t and heparin were added to the wdls. The media was 
c han ged ever other day. After 7 d in culture, cells were trypsinized and 
counted using a hemocytometer. 



Competition for BbuBng and Cnm-UnUng to CeQ 
Surface Rtceptors 

Bovine brainnkrived HBOP4 (4) was labeled whh ushnj fanmuhCaed 
heparii^Sephaxose asdeacrfted (16). Onftoem NTOMTD cdh to 24*2 

taining05%calf serum. Ibe ceb wm washed snd ca^bsaed wtm Dsffi 

coauu^5U/mlhcnaTto.05%BSA. 

bufier)ai room temperature for 20 min. The oeue dsn were saevhssed wtm 

^l-HBfltMandonlsfcelrf 

5 U/iml heparin as mdicated to the figure legend, The odk were tocahaaed 

bmdmg bufler. The ccOs were men lBcabttD&**10wia9t4?CwtAiaA 
ofOSmMdisoectohnddlylsuhctalBtoPBS. sTmcren>ttdBf wsa tfam sapa* 
rated off and the reaction a^Knchedby ac^2j0MTrbfl(^nH8O The 
cdb were washed wah PBS, scraped from (he pisses and pefkaed for 10 s 
st 15000 g. The pcUets were exttactnd with 100 plof SDnaf Us» 1 mM 
EuTIA, 200 mM NaQ, L0% IHtOB X40A OU mhl pccsytmethyhan^borjl 
fluoride, pH 7 J for 20 mto at 4"C The estracts were cesmrifhand for 10 
min at 15J0OO g. The supenistanti were removed and mixed with an equal 
volume of Laemmli sample bufler for SDS4VU3B analysis. 

Stimulation of Protein Tjpostnt Kinase Activity 

NIH 313 cdb were grown to eanfinence to 100 mm dishes and serum 
stsrved u described above. The ecus were then canoacd to ullocnt 1A or 
lOng/ml of wOtMype or outam HBGP4 for 10 mto at 37"C Ite ccOs were 
washed once with cold PBS then rysed in bufler coataitnng 10 mM THs, 
50 mM Nad, 5 mM BDTA. 50 mM NaP. 30 mM sodium pyrophosphsse. 
100 (tM socUumcouVovsna^ato, 10% Triton X-10Q, 1 mMcbciryhnethyhBtl- 
fonyl fluoride, pH 7.4. The cells were scraped from the pistes, wjsuaeuV 
and toenhated oo ice for 10 min. I^satea were clarified by centrifugatioo 
at IQJOOOg for l0min«t4*Cand the smnmismi were ndand wuhaneojoal 
vohane of 2x Laemmli sattyie buffer , Samples (ramaBaod to cell mm> 
her) were suhjeeted to to the presence of SDS. The p^wytir were 
tnuuferred to lArocelhuose and i mmn nnhfotted with am^ejacadbaQfroatoe 
antibodies as described (15). The blots were I act mated wfab *^-preteto A 
and phn sp horyiu a to eKSiBlatotog p rot ein s were visualized by SM su tm B ag S B 11 
phy* In some experiments the initial cell rysates were incubated with a pre- 
bound antt ^raisiaVinnatf 

Iot 90 min st 4*C The beads were washed with 20 mM Hepes, 01% Triton 
X-10A 150 mM NaO, 10% glycerol, pH 7S Imnmnopredntt^pnaetos 
were eiuted from the beads with 2 > : Laemmli sample bufler and subjected 
to RM38 and Wesrern bVstifuj with anu-plKnphotyiosme antmmBea as de- 
scribed above. 

RNA Gel Blot Analysis 

NIH m cells were incubated for 48 b mDMBAX5% TO and to either 
left unstimulated or stimulated with wild-type or mutant HBOP-t tor the 
indicated times. Cells were harvested, total RNA was prepared 07) ; and 
10 fig of each s a mp l e was separated ty electrophoresis oo 1.2% agarose gets 
containing formaldehyde. Toe gels were stained with cthidmm bromide 
photographed to verify that each lane contained an equal asaoom of un* 
degraded liposomal RNA. RNA was elcctrobtottnd onto Zettbtod qyton 
filters and cross finfcsd by UV inwJiauoo. The resericuoo fragments used 
and source of the DNA probes were as follows: (o) c£u. 2^8-kb Nco V 
Xho I ftagmem of pc^bx-1; American type Culture CoDecuoo. RockvQle, 
MD; (6) C-/W1, 1.54b Hind m/Bam HI fragment of ph-c!4; gift of P. An- 
gel, Umvtnity of California. La Jolla, GA; (c) cmwjv. 1.4-tb Sst I ftnnat 
of pHSR-1; ATCC; (J) glyceraldchyde 3-phosphate dehydrogenatA, 0£4b 
Pst I/Xba I fragment of pHcOAP; ATCC The probes were labeled with 
l^PJdCTP (3JD0O Ci/mmol) using a random primer labeling kxL Hybrid* 
izanon and filter washes vrcre as described 07). Blots were eapesed to Ko- 
dak XAR5 film st -70*C 

Thmsfrctipn of NIH 373 Cells with HBGF-l 
Eukaryotic Expression Ptastnids 

NIH 3T3 cells in 100 mm dishes were transfocted with plasmid DNA by 
thecaldum phosphatr precipiUtioD method (44). Cells were incubated with 
cither I fig of pSV2 ceo (41) or co-transfected with a mixture 0:10 og) of 
pSV*2 oeo and cither HBOP-t wild-cype e xpi e ssio o rector (p267) or HBGTM 
mutanl expression vector (p268). The plasmid p267 is de sc ribed in Jaye et 
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ABC 




Plgun I Stimulation of DWA syatfeesia in WBM 3T3 calls wild-type cod mutant HBOffM. Cells were grown to near confluence end 
carom otarved to 34 h oo teacribad ia Maseriola end Methods, Cells were treated wish the kdk&ted concentrations of wfld-typs (o) or 
smiaaaA(A) MSGF-l, Imitated for 1§ h, onfl thsa pulaad with OS rfp)HJtStymfjflin2/ml for 4 h. The cells were harvested cod mcoffpo- 
rcta of icdtosMty woo determi&ad. ©nth wild-type and mutant MBOF-1 were assured in the preface of 0 {A) t 5 (fl), or SO U/ml 
tesporin (C). 



oi. (23); p268 oas coaemzctod by rcpfcring tea 297W Pvu O/Bgi □ frogmen! 
of p2CT (encoding cnitocddD 38-155) with to cc ne a po n d injTOgtenftww 
tito prcterystic enprcaloo piasnrid pE132 uning sazunlard &abdoaifl3 mrtb- 
ofl&p Cello aereiplH to 10 dis&tes end tranrtketad colonies «rare selected by 
tesotetfes ins cells In OMB, IQfl cab? K3vm eaauMs Q 300 pg/mi Qeceti- 
dn. Tfcs pr-^n tsco cSiQE^ad every 3-4 d. After 4 wfc, trens&ctied colonics 
twre mE*yiad tor HMF-I e aprec afe aby Waaterabtetonajyslso^wnMi 
gad^tajoJ HK0F4-ts»etnc nrrftadten and "•l-protein A os described 
chose. 




A drastic reduction in tot apparent atohy of MBOF-1 con- 
taining glutamic arid is place of lysine at position 132 was 
observed during ttfae purification of the recombinant proteins 




0.091 0.010 0.100 1000 10.000 100.000 



HBGF-1 (ng/ml) 

Figure 2. Ability of wild-type and mutant HBGF-1 to stimulate 
growth of human umbilical vein endothelial cells. Cells were 
end cultured as described in Materials and Methods. Cell 
number after 7 d in culture in the presence of the indicated concen- 
trations of wild-type (o/o) or mutant (Ata) HBGF-1 in the ab- 
sence (o/a) or presence (o/a) of 50 U/ml heparin is shown. 



from the Escherichia coU lysates. Recombinant wild-type 
HBGF-1 from £ coli lysates can be purified to near 
homogeneity with a single hep&rirj-Sepharose step. The pro- 
tein binds ifl&e immobilized heparin during extensive washing 
with as and C&63 M NaCI-contaiaing buflfeos and is eluted 
with a single step of 1.5 M HaCl-containing bufiez. M con- 
trast, hepariihSeptaos© affinfty-bassd chramatogiri^ 
could ncS fee used as a single purification saep- for Gfce mutant 
H3&QF-1. The unutt&nt protein binds immobilised heparin in 
the presence of Oil M NaCl but was eluted during the 0.5 M 
NaO <vash. Bosh wild-sype and mutant (1.5 amd 0.3 

M NaCl eluates, respectively) could be puriffled to appareati 
homogeneity using reversed-phase HPLC Detailed amalysis 
of the appareott affinities of the two purified proteins for im- 
mobilized heparin-Sepharost using relatively shallow, linear 
NaCl gradients indicated that the mutant HBGF-1 eluted 
with a45 M NaCl whereas wild-type required 1.1 M NaO 
to be eluted (data not shown). For all of the assays described 
below we used reversed-phase HPLC purified wild-type or 
mutant HBGF-1. Protein concentrations were determined by 
amino acid analysis of preparations that had been shown to 
be the desired HBQF-1 form by peptide mapping and amino 
acid sequence analysis (data not shown). 

Mimgmk Properties cfHBGP4 MutmtjpBlE 

The ability if the HBGF-1 mutant to stimulate autogenesis 
was compared to mat of the wild-type protein using two 
different assays. In the first, the ability of the two proteins 
to stimulate E>NA synthesis in NM 3T3 cells as measured 
by PW] thymidine incorporation was examined. The assays 
were conducted over a broad range of HBGF-1 and heparin 
concentrations. Two important points can be made from the 
data in Fig. 1. One, the wild-type HBOF-1 has a dramatic 
requirement for the presence of heparin for optimal myo- 
genic activity and, two, the mutant HBGF-1 is significantly 
less potent than wild-type protein in the presence of added 
heparin. As can be seen in Fig. 1, the onaaiona) difference in 
mitogenic potency was observed in the presence of 5 U/ml 
heparin (*< 30-fold). Little difference (approximately three- 
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Table I Cell Number (x IP 1 ) 







Gfocrth fcttcy a 




oo (ag/ml) 






0 


0.1 0.9 


1 


3 


10 


QLVm HBOF-1 


1.6 
1.7 


1.6 1.3 
2.0 1.9 


1.2 
2.9 


1.7 
12.6 


1.4 
16.6 



fold) between die wild-type ami mutant protein is seen in fee 
absence of added heparin becaiase of fee relative lack of 
mitogenic Activity of wild-type human recombinant HBGF-1 
in fee absence of hejparin. The possibility feat fee reduced 
mitogenic activity ctffeo mutant MMM to related directly 
to its (reduced apparent affinity for immobilised heparin is 
supported by fee observation feat fee difference in fee auto- 
genic potency between fee wild-type and mutant protein is 
reduced to <vl8-fold in fee presence off 50 U/ml heparin. 

In fee second mitogenesis assay fee abilities of fee wild- 
type and mutant proteins to support fee proliferation of hu- 
man umbilical vein endothelial cells were compared. The 
results shown in Pig. 2 are consistent wife those described 
above in that they demonstrate a dramatic heparin require- 
ment of fee wild-type HBOF-1 for biological activity and that 
fee mutant HBOF-1 is not able to support cell proliferation 
to fee same extent as fee wild-type protein. These experi- 
ments were conducted in fee presence of 50 U/ml heparin 
and fee endothelial cells were seeded in fee presence of 10 
ng/ml wild-type MBOF-1. When growth assays were con- 
ducted in the presence of 5 U/ml heparin without wild-type 
protein during fee seeding, autogenic deficiencies of die mu- 
tant protein were more pronounced (Table I). The results 
shown in Fig. 3 demonstrate feat fee reduced mitogeoic ac- 
tivity of the mutant HBOF-l does not appear to be fee result 
of any increased susceptibility of fee protein to proteolytic 
digestion by components in serum or fee conditioned media 
of NIH 3T3 cells. 

titeceptor^tindissg Activity qfHBGM Mutant pfflB 
The results presented above are consistent wife the observa- 



figtsre X Analysis of the relative stability 
of wild-type and mutant HBGF-1 in NIH 
3T3 cell-conditioned media. The wild- 
type and mutant proteins were labeled 
and purified as described in Materials and 
Methods. The proteins were incubated in 
/>~~*\ the presence of NIH 3D cell-conditioned 

Q J C J media for 48 h at 37°C and then subjected 
to SDS-PA0S. The gels were dried and 
labeled proteins visualized by autoradiog- 
raphy. Lane 1 contains wild-type HBGF-1 
and lane 2 mutant HBOF-I. The apparent 
molecular weights of both proteins are 
<0) identical to that of HBGP-1 before Incu- 



dons of Jtaper asu9 Lofeb (!$>) tstisg tes^tes to5s>-^!s?ite$) 
HBGF-1 eslectivelly m&£fyte$3& n3 lyote 832, oSntes^h tits 
magnitude of fee madecto in milogeak gmasacy {"»%MM 
for 3T3 cell assay) as campss^ wiE&a tto fegftsaa 
reported by Haspsff and Lofc& (19) to cfeEi5fflso£% gsocaa 
dro rejpea^ orate 



and mutant recombinant B3EOWI to c ftju^faaa ^-Bo- 
bsled boviffis CWR to tok$m to co$ wsfcsa vosspm 
on NHM 3TT3 cells as o «J2toesMiSEoa <tf fcsgzzm (5 U/ 
ml) where fee difference in mfrcgaaic poasffisfcso jtf to frso 
proteins was greatecsL 

The reoeptor-trittdiqg cctivity of the mnarm MSXffl-l mj 
established by competition for croas-iiafsiaQ el t2S B-MOT 5 4 
to 15CYWM&- and 13<Ot03O-itf, proasto preeais ca fes wfcos 
of NIH 3T3 cells 06). The results efcowm fca Fig. 4) teisca- 
strate feat fee mutant IHTOF-1 fooiiinitotowffi^^ 
in its ability to compete for recepioj-ligriad amoo^Msks^. 

The functional consopeaceocf &iis3fia^ tofioooell 

surface receptor include stianfilaftifDS of iprots&si dyros&se ki- 
nase cctivity (8, 15, 20) ixscteding ^tsse^myMm <rfpki»- 
pbolipaseOyCG). Fig. S^desxarasttr^tlHfco^ 
and mutant HBOF-1 are able to increase fee pfeoqpi^^ 
content of 15GJ&0&-, WtyBOO-, and 7^000-/^ prooeku and, 
to a lesser extent, proteins wife lower relative mnloamiynr 
masses as judged by Western blot analysis wife pUcoapto- 
tyrosine-spdetfic antibodies. The dose respotoss cad essaaQctf 
activation is similar for fee two forms of to growth fccaor. 
Stimulation of the pfcogpfroty rostaiB contest off pi^KJiiiWsjpcs 



i 



ysis of 3T3 ceU lysstes all^ iomituso^ 
bodies that recognise pfaospS&oIfyase C-y. Pig. 5 § &sannn&- 
sirates the 9 mutant HBQF-1 shares wife wild-type MESOM 
the ability to stimulate tyrosine phosphorylation of pSHregrho- 
Itpase C-7. These data regarding stimulation of tyracto ki- 
nase activity by wild-type surf mutant HBQF-I are w good 
agreement wife fee receptor-binding data described above 
but do oot provide insight into fee functional basis for fee 
relatively poor autogenic capacity of this HBGF-1 mutant. 

Ppotooncogene induction Wild-Type and 
Mutant 

The results described above indicate that the functional prop- 
erties of the mutant HBGF-1 associated wife events feat oc- 
cur at the cell surface (i.e. , receptor-binding and tyrosine ki- 
nase activation) are normal with respect to those of wild-type 
HBGF-1. In addition to tyrosine kinase activation, aszsfeer 
early response to HBGF-1 receptor-binding is fee elevation 
of protooncogene mRNA levels (17). 7b determine fee dfect 
cf wild-type and mutant HBGF-1 on protooncogene expres- 
sion, NIH 3T3 cells were serum starved and then either left 
unstimulated or stimulated wife 10 ng/ml wild-type or mu- 
tant HBGF-1. Heparin (5 U/ml) was also added to fee cells 
receiving growth factor. Cells were collected at various 
times after stimulation, RNA was prepared, and levels of 
c : /bj. c-Jun, Q-myc, and giyceraidehyde j-phosphate dehydro- 
genase mRNA (as a control for fee amount of RN A loaded 
in each lane) were assayed by RNA gel blot analysis. Wild- 
type and mutant HBGF-1 increased protooncogene mRNA 
levels to a similar degree; maximal levels were observed at 
30 min (c-/or f c-Jun) or 2 h (c-myc) alter stimulation (Fig. 
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D 134 5 8 7 8® 110 

Figure 4. Ability of wild-type and mutant HSGF-1 to compete with 
'"Mabeted bovine HBOJM for crosa-linlrfng to ISO/KMV and 
I3ty080-mol wt cell surface receptors. NIH 3T3 cells were incu- 
bated with 1 og/ml bovine »»I-HBGIM and either 0.5. 1 A 54 
I0A or 50lO og/ml of wild-type (lanes 1-5) or mutant (lanes 6-10) 
human recombinant HBGF-1 in the presence of 5 U/ml heparin. Af- 
ter intonation, the cells were treated with cross-linking reagents as 
described in ftflatsriols and Methods. Die tvppmsszt molecular wejghti 
of cross-linked species were determined alter SDS-8WQE and auto- 
radiography. The positions of two cross-linked 150,000- and 
I3Q£0O-mo) wt species, which correspond to the known apparent 
molecular weights of HBOF receptors, are indicated with arrows. 



6). The addition of heparin alone did not induce protcoo- 
cogene expression. Since the mitogen ic differences between 
the wild-type and mutant HBGF-1 are more pronounced at 
lower growth factor concentrations, we also stimulated cells 
with as, 1 A 5A and 10 og/ml wild-type and mutant growth 
met or (again in the presence of heparin). At all four concen- 
trations used, the wild-type and mutant MBOF-l were simi- 
lar in their ability to induce c-ftu raRNA expression (Fig. 7). 

Omafymsfam of Wild-Type <md MuUmt MBGM in 
TmtfMBANm 313 Cells 

It was demonstrated previously that ove regression of wild- 
type HBGF1 in transfected Swiss 3T3 cells resulted in cells 
with an elongated, transformed morphological phenotype 
that grew to higher saturation densities (23). This trans- 
formed phenotype occurred even though the HBGF-1 poly- 
peptide was not detectable in the conditioned media of these 
cells. We hove shown that the mutant HBOF-1 is not a potent 
mitogen although it can bind receptor and initiate early 
events associated with mitogenic signal transduction. Tb in- 
vestigate whether the intracellular function of the mutant 
HBGF-1 was altered, we examined the ability of this protein 
to induce a transformed phenotype in NIH 3T3 cells. Cells 
were either transfected with a plasmid conferring neomycin 
resistance or co-transfected with the neomycin resistance 
plasmid and wild-type or mutant HBGF-1 expression vectors. 

Fig. 8 shows the results of Western blot analysis of trans- 
fected cell lysates using HBGF-l-specific antibodies. The 
Western blot analysis was normalized to cell number and 
provides the basis for our designation of relatively high or 
low levels of HBGF-1 expression. The results shown in Fig. 
9 demonstrate that cells expressing a high level of wild-type 
HBGF-1 (Fig. 9 B) and to some extent a low level of wild- 




1 



! 3 4 




D 2 3 



figure 5, Stimulation of protein tyrosine ki- 
nase activity by wild-type and mutant 
HBGF-1. {A ) Serum starved PtH 3T3 cells 
were either (lane / ) unstimulated or treated 
with 5 U/ml heparin and (lane 2) I og/ml 
wild-type; (lane i) 10 ng/mi wild-type; 
(lane 4) 1 ng/ml mutant; or (lane 5) 10 
ng/ml mutant HBGF-1. The cells were 
processed as described in Materials and 
<3(PLC Methods and phosphotyrosine-comaimng 
proteins were visualized using antiphospho- 
tyrosine antibodies and m I-protetn A. The 
arrows indicate the positions of I5QJD80-, 
90000-, and 70jOCO-rool wt proteins whose 
phospho tyrosine content are increased by 
the addition of wild-type or mutant HBGF-1. 
(B) Cells were incubated as in A with the 
exception that cell lysates were immunoprc- 
cipitated with anti-phospholipase C-7 anti- 
bodies before Western blot analysis with an- 
tt-phosphotyrosine antibodies. Cells were 
either (lane / ) unstimulated or treated with 
(lane 2) 10 ng/ml wild-type, or (lane 3) 10 
ng/ml mutant HBGF-1. The arrow shows the 
position of a 1 SOjOOO-raol wt protein whose 
phosphotyrosinc content is increased by 
treatment with wild-type or mutant HBGF-1. 
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Figured Effect of wild-type nnd mutant HBOF-1 coprotooncogene 
mRNA levels. Senun starved NW 3T3 cells were either left un- 
stimulated oi treated with heparin (5 U/mJ) and 10 ng/ml wild-type 
(*e) or mutant (wr) HBOP-1 for die indicated rime periods. RNA 
was prepaied and used for RNA gel blot hybridization using the ra- 
diolabeled DNA probes indicated on the left side (GAPDH, glycer- 
aldehyde 3-phosphate dehydrogenase). The upper and lower tick 
marks on the left side of each panel represent the positions of 28 
and 18S rRNA, respectively. 



stoichiometric modification of lysine residue 1 32 (using the 
1-154 numbering system for full-length HBOP-1). It «u sug- 
gested thai modification of this residue, which is conserved 
inall HBGF-1 and HBGF-2 sequences reported to date, was 
responsible for reduced n pp anMit affinity far inanobfltad 
heparin, the reduced mitogenic capacity, and die reduced 
receptor-binding activity of the modified protein* The results 
presented here using site-directed mutagenesis to address 
the role of lysine 132 on the ftmrtiottiil properties of HBOPJ 
are in general agreement with the conclusions of Harper and 
Lobb (19). Specifically, substitution of lysine 132 for glu- 
tamic acid reduces the apparent affinity of the recombinant 
protein for immobilized heparin (ehites at (145 M NaCl com- 
pared with 1.1 M NaCl for wild-type) and significantly re- 
duces the mitogenic potency of dsn growth fector. The re- 
duced mitogenic potency may be a direct consequence of me 
reduced apparent affinity of the mutant HBOM for heparin 
since it has been demonstrated that die class 1 beparin- 
binding growth factors in general (29) and human HBOF-1 
in particular (22, 43) are dependent on the presence of hepa- 
rin for optimal biological activity. 

Our results do not support the notion that the reduced 
mitogenic capacity of HBOF-1 containing ghitwmir add in 
place of lysine at position 132 is due to reduced binding to 
cell surface receptors. The receptor-binding properties of 
the mutant HBOP4 are not distinguishable from those of the 
wild-type protein as judged by cross-linking experiments 
(see Fig. 4). In addition, the mutant HBOP-1 is able to in- 
duce the same pattern of tyrosine kinase phosphorylation as 
is the wild-type protein (see Rg. 5) and can induce proto- 
oncogene expression (see Fig. 6) . The majority of the studies 
presented here utilize a heparin concentration of 5 UAnl; die 
concentration where maximal difference between the mito- 
genic activity of wild-type and mutant HBOP-1 was observed 
in the 3T3 cell thymidine incorporation assay. It should be 
noted that in die absence of heparin, the mutant HBOP-1 
competes poorly with labeled wild-type HBOP-1 in cross- 



type HBOF-1 (Fig. 9 D) have acquired a more polar, elon- 
gated phenotype characteristic of transformed 3T3 cells. 
This phenotype is not seen in cells expressing neomycin re- 
sistance alone (Fig. 9 A) or in cells expressing relatively high 
levels of mutant HBOF-1 (Fig. 9 C). It should be noted that 
we have not been able to detect HBOF-1 immunoreactivity 
in the media conditioned by these cells and that the cells ex- 
pressing relatively high levels of wild-type HBOP-1 show en- 
hanced growth in soft agar relative to untransfected cells or 
cells expressing high levels of the mutant HBOP-1 (data not 
shown). These results are consistent with the results of the 
mitogenic assays described above which demonstrate that 
the growth-promoting activity of the mutant HBOF-1 is rela- 
tively low when compared to the wild-type protein. 



Discussion 

The experiments described in this report were initiated as a 
result of the chemical modification studies of HBOF-1 
reported by Harper and Lobb (19). They demonstrated that 
reductive methylation of HBOF-1 resulted in selective, 
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Figure 2 Efoct of different concentra- 
tions of wild-type and mutant HBOM 
on c^bs mRNA levels. Serum starved 
NIH 3T3 cells were either left un- 
stimulated or treated with heparin (5 
U/ml) and (A ) tt5 Qg/ml, (B) I JO ng/ 
mi, (O 5J0 ng/ml. (D) 10 ng/ml wfld- 
rypc (wr> or mutant imt f HBGF-1 for 
the indicated m»* j*. RNA was 
prepared and useo icr RNa g-:! Mot 
hybridization using the cfri pNa 
probe {upper panels) or glyceralde- 
hyde 3*phosphate ddndrogenase DNA 
probe [lower panels). 
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Hgurv & Western blot analysis of 
HBOF-I to WW 3T3 cells transfect- 
ed vnfa wiM-type or mutant HBOW 
expression plasnida. NIH 3T3 cells 
were transfected as described in 
Materials and Methods. The figure 
~~ shows the relative levels of HBGF-1 
mnnunoreacrivity present in lysates 
of ceOs tnuufected with wild-type 
HBOP-I (lane /, clone producing 
relatively high level of HBGF-1; 

*-*^rir <== * > * lane J, clone producing relatively 

<\ *a «a A s low level of HBGF-1) normal NIH 
11 2 3> 3> 3T3 cells (lane 2). cell* transacted 
with pSV2neo alone (lane 4), and 

ells transfected with mutant HBGF-1 (lane 5). For each cell type, 

10* cells were rysed with 1 ml of 2x Uemrnli sample buffer and 

a 60-pl aliquot was used in the Western blot. 



linking assays (data not shown). In addition, whereas the ap- 
parent affinity of the mutant HBGF-1 for immobilized hepa- 
rin is reduced, it does bind at ionic strengths (i.e., M).5 M 
NaCl) thrt exceed those known to be physiologic. Thus, the 
data presented here indicate that the mutant can utilize the 



presence of heparin to restore some (i.e., receptor-binding, 
tyrosine kinase activation, and protconcogene induction) but 
not all (i.e., stimulation of pH] thymidine incorporation 
into DNA and endothelial cell proliferation) of the activities 
of the wild-type protein. Similarly, it is of interest that the 
wild-type protein competes with labeled HBGF-1 for recep- 
tor-binding and induces protconcogene expression at similar 
concentrations in the presence or absence of added heparin 
yet it requires added heparin in order to promote DNA syn- 
thesis and cell proliferation (Figs. 1, 2, 4, and 6; and data 
not shown). Thus, the relatively poor mitogenic activity of 
the mutant protein may be related to its reduced apparent 
affinity for heparin. The data presented here demonstrate 
that "high" affinity receptor-binding, activation of tyrosine 
kinase activity, tyrosine phosphorylation of specific sub* 
strates, and induction of protconcogene expression mqy be 
necessary but are not, by themselves, sufficient to sustain a 
mitogenic response to the presence ofHBOP-l. These results 
are consistent with the observations of Escobedo and Wil- 
liams 02) who showed by site-directed mutagenesis of the 
PDGF receptor and cDNA transaction that mutants could 
be constructed that were responsive to PDGF with respect 
to receptor tyrosine kinase activation and increased phos- 
phatidylinositol turnover but did not elicit a mitogenic re- 




Figure ft Morphology of NIH 3T3 cells transfected with wild-type or nr tant HBGF-1 expression plasmids. The figure shows micrographs 
of the same NIH 3T3 cells analyzed by Western blot analysis in Fig. & A shows cells transfected with pSV2oeo only and B-D show cells 
co-transfected with pSV2neo and expression vectors for wild-type (B and D) and mutant (C) HBGF-1. The cells shown in B correspond 
to those expressing relatively high levels of HBGF-1 (Fig. 8, lane / ), whereas those shown in D correspond to those expressing relatively 
little HBGF-1 (Fig. 8, lane J). 
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spans® to POOR Similarly, Severiasson ea fiJ. (40) used 
simik? asdhada to gsssrete & system where the mutant re- 
ceptor could mediate en increase in c-fbs expression in re- 
sponse to PIMP taat nod actio feoiB&iais&aioo or milogecesis. 

The autogenic deflcte&fiieo of the mutant MEBGIM mayte 
due to reduced biological stability in tissue culture medium, 
reduced binding to cell eurfece protaoglycam, an altered in- 
trscelkita? stability, ond/or ein dtered affinity for aa inirteel- 
hilar receptor ot binding pnnein.lt has teeoesuMishedftas 
the preoence of heparin protects HBOP-1 from thermal and 
proteolytic inactiv&tion (28, 37). In addition, it has been 
shown that ^-labeled NEGF-1 ifi relatively insensitive to 
ty&osoon&l degradation after receptor-pmii&tad eadocytosis 
04). There is no obvious difference in the susceptibility of 
wild-type and mutant HDB01M to proteolytic cleavage by the 
conditioned madia of NEH 3X3 cells cultured in the presence 
of 10SS calf serum. However, the relative resistance of wild- 
type and mutant to proteolytic tm&dific&tion in the 
pressace of target cells or after rece^or-mradlkted esniccyto- 
8is has coa been established. It is also possible that the mu- 
tant protein is more susceptible than the wild type to nonpro- 
teolytic inactiv&tion. Further studies should reveal whether 
the altered activities of the mutt ut HBOP-1 ere a conse- 
quence of its reduced apparent affinity for heparin. 

In summary, the data presented here demonstrate that the 
various {tactions of HBOF-1 can be dissociated at the struc- 
tural level. The observation that site-directed mutagenesis 
can be used to produce recombinant proteins with "normal" 
receptor-binding activity and reduced autogenic activity in- 
dicates that similar meohnda could be usori to produce potent 
antagonists of MBOP-1. More importantly, these results indi- 
cate that it may be possible through structure-function anal- 
ysis and site-directed mutagenesis to generate mutants that 
retain certain (i.e., chemotactic, myogenic, or heparin- 
binding) but not other biological Amotions characteristic of 
the wild-type protein. Finally, whereas the data presented on 
the receptor-binding and tyrosine kinase activation proper- 
ties of the pl32E mutant demonstrate that a lysine residue 
at this position is not critical for these functions, it is still 
possible that methylation of a lysine at this position could 
lead to reduced receptor-binding activity of HBGF-1 (19). 
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